The human insula is implicated in numerous functions. More and more neuroimaging studies focus on this region, however no atlas offers a complete subdivision of the insula in a reference space. The aims of this study were to define a protocol to subdivide insula, to create probability maps in the MNI152 stereotaxic space, and to provide normative reference volume measurements for these subdivisions.
Introduction
The human insula is implicated in pain perception, autonomic control, emotion processing, and numerous other functions (for a review see Nieuwenhuys, 2012) as shown by clinicopathological correlations (Ibañez et al., 2010; Jones et al., 2010) , exploration with intracranial depth electrodes (Ostrowsky et al., 2002; Peyron et al., 2004) , and functional neuroimaging (Garcia-Larrea, 2012; Nieuwenhuys, 2012; Craig et al., 2000 , Peyron et al. 2013 . Functional activities in the insula were historically roughly localized relatively to the anterior or posterior insula lobule separated by the central sulcus. More accurate spatial localization can be achieved by reference to macroanatomical subdivisions.
Subdivisions
Previous work identified at least five main insular gyri with a radial orientation towards the ventral pole (Afif et al., 2013; Naidich et al., 2004) . Little is known on how functions are topographically organized in the insular cortex, and studies have revealed incomplete correspondence between gyral organization and functional organization (Cauda et al., 2011; Craig, 2009; Deen et al., 2011; Kurth et al., 2010b) . However, interlaboratory comparisons are usually based on macroanatomical landmarks: 1) MNI (or, largely historically, Talairach coordinates) are defined after spatial deformations of individual brains based on overall morphology; 2) these landmarks are often the only reference available to localize functional results. No available atlas offers a complete subdivision and accurate statistical description of the gyral insular organization.
Cytoarchitecture can serve as a putative anatomical substrate of functional organization. Insular architectonic maps suggest a near concentric organization almost perpendicular to the gyral organization (Mesulam and Mufson, 1985; Bonthius et al., 2005; Morel et al., 2013) . The insula is divided into a dorsocaudal granular zone and an agranular rostroventral region (Brodmann, 1909) . The additional delineation of an intermediate dysgranular part, as well as the exact location of the borders between these regions, varies widely between maps. Moreover, some studies indicated that the microanatomy is more complicated than a simple concentric pattern (Brockhaus, 1940; Rose, 1928) . Cytoarchitectonic maps, elaborated on ex-vivo data from small samples of subjects, are difficult to use in neuroimaging studies for several reasons: 1) they are not generally accessible from in vivo data, 2) they are difficult to align with the 3D data from neuroimaging experiments, and 3) they do not generally account for intersubject variability. It is noteworthy that the 3D probabilistic cytoarchitectonic maps contained in the Anatomy Toolbox (Eickhoff et al., 2005) take into account these important limitations. However, these maps include three areas in the posterior part of the insular cortex only (Ig1, Ig2 and Id1) (Kurth et al., 2010a) .
Atlases can be deterministic or probabilistic. Deterministic atlases define fixed boundaries and do not directly account for interindividual variability. A probabilistic atlas is created by segmenting multiple subjects' brains, spatially normalizing them to match a template, and then consolidating the normalized segmentations. Two types of maps can be created, which both consider the interindividual variability present in the data. In a probabilistic map, the value of each voxel indicates the probability that this location corresponds to a specific anatomical structure. In a maximum probability map, each voxel is labeled according to the anatomical structure to which it most likely belongs . Finally, multiple individual atlases can be used in multi-atlas registration and label propagation schemes (e.g. Heckemann et al. 2006; MAPER -Heckemann et al. 2010) . Such strategies achieve labelling accuracies that approach those of human observers (Hammers et al., 2007a (Hammers et al., , 2007b (Fig. 1 ).
Morphology
The macroanatomical delineation of the insula was described by Türe et al. (1999) and Naidich et al. (2004) . The insular central sulcus (CS) is the main sulcus that divides the insula obliquely into anterior and posterior lobules. It runs from posterior superior to anterior inferior. Anteriorly, the precentral sulcus (preCS) separates the posterior short gyrus (PSG) from the middle short gyrus (MSG); the short insular sulcus (SIS) separates the MSG from the anterior short gyrus (ASG). An accessory gyrus (AG) was described anterior to the ASG, often confined to the anterior surface. The transverse gyrus (TG) joins the inferior portion of the anterior insula with the posterior orbitofrontal region. The anteroinferior part of the insula includes the apex where the short gyri converge (also called insular operculum by some authors) and the limen insulae. Posterior to the CS, the postcentral sulcus (postCS) separates the anterior long gyrus (ALG) and the posterior long gyrus (PLG).
These authors also described the relationships of insular gyri with overlying opercula. The anterior insula is connected with the frontal lobe and the posterior insula with both the parietal and temporal lobes. The three more anterior gyri (AG, TG and ASG) are continuous with the orbital gyri. The IFG (pars opercularis) covers the ASG and MSG. The inferior part of the postcentral gyrus is over the PSG and the superior part of ALG and PLG. The inferior part of the posterior lobule is adjacent to the Heschl gyrus and is covered by temporal operculum. These descriptions were used to define the protocol to subdivide the insulae in our study, which has allowed us to provide a quantification of how frequently different anatomic features were found in the insulae of the 30 subjects.
Volumes
Gender effects may be important because the insula in males, like numerous other cerebral regions, is larger than in females (eg Afif et al., 2009) . The volume of the insula relative to the total grey matter (GM) volume has not been documented, although it is estimated that the surface of the insulae takes 1.8% of the total cortical surface area (Tramo et al., 1995) and the insular volume is 1.4% of the total hemisphere volume (white matter included, Semendeferi and Damasio, 2000) .
The typical amount of right/left asymmetry of the insular volume is debated: some papers report no asymmetry (Afif et al., 2009; Hammers et al., 2003) , while others show leftward asymmetry (Cunningham, 1891; Hervé et al., 2006) . Keller et al. (2010) suggested that there is a subtle but significant positive correlation between the extent of hemispheric language dominance and insula volume asymmetry, indicating that a larger insula predicted functional lateralization to the same hemispheric side for the majority of subjects.
Objectives
The aims of this study were to create protocols for macroscopically subdividing the insula in native space. These then served to provide typical structure volumes and spatial extents in native and stereotaxic space in healthy adults; to define a normal range; and to look for asymmetry (R/L comparison) and gender effects.
The delineations were additionally used to construct probabilistic atlases of insular gyri in MNI152 stereotaxic space. Morphological features of the thirty right and thirty left insulae were investigated.
We also built a deterministic maximum probability map for easy use with standard software packages. Finally, individual segmentations and their associated anonymized MRIs were used in multi-atlas label propagation software to assess the accuracy of automated anatomical segmentations of individual subjects' MRIs enabled by the new atlases. 
Methods
Six subregions of the adult insula were delineated on the magnetic resonance (MR) images used in the construction of the "Hammers_mith" brain atlases described in Hammers et al. (2003 Hammers et al. ( , 2007a and Gousias et al. (2008) , which are available at www.braindevelopment.org. At study start, these atlases consisted of 83 entirely manually delineated regions drawn on MR images of 30 healthy subjects in native space. Subjects had no neurological, medical, or psychiatric conditions and had normal MR scans. The cohort consisted of 15 women (median age: 31 years; range: 20-54) and 15 men (median age: 30 years; range: 20-53), and 25 of the 30 subjects were right-handed. In these atlases, the insula was defined as a single region following the protocol in .
Nomenclature
We followed the English nomenclature used by Türe et al. (1999) . Fig. 2 shows a sample of macro-anatomical landmarks, and Table 1 lists the abbreviations used in this paper. Our definition departs from Türe et al. (1999) and Naidich et al. (2004) with regard to the two less stable gyri: AG and TG. They described AG in front of the ASG, often confined to the anterior surface. Since they did not describe a clear separation from the ASG, we decided to include the AG (when present) in the anteriormost region (ASG). The TG joins the inferior portion of the anterior insula with the posterior orbitofrontal region. The sulcus that defines the superior border of the TG has not been described elsewhere to our knowledge; we will refer to it as the transverse sulcus (TS). The term anterior inferior cortex (AIC) is used here to identify the anteroinferior part of the insula including the apex, the limen and the transverse gyrus.
Protocol definition
The exterior edge of the insula had been defined in Hammers et al. (2003) , using the peri-insular sulcus as the main border. We noticed that there was a frequent error in the previous atlas: the posterior boundary was often set to the posterior ascending ramus of the Sylvian fissure instead of the inferior PIS. In these cases, we corrected the posterior border of the insula as the anterior border of the transverse temporal gyrus, which had previously been included in the superior temporal gyrus (STG) of the atlas (see Fig. 2B ). The voxels located in this region were reassigned and the definition of the STG (see Hammers et al., 2003) was changed accordingly. The STG region now includes: 1) the transverse temporal gyrus even if it extends posteriorly of the last coronal slice where hippocampus is measured; 2) cortex located posteriorly to the transverse temporal gyrus in the planum temporale. Occasionally, very few voxels, previously labeled insula, were included in the supramarginal gyrus when located in the parietal operculum. More importantly, remaining voxels located in this region were in the white matter and were no longer defined by the protocols of insula and STG, so they were labeled "background", i.e. not classified as any region, usually contiguous with the internal capsule or optic radiation which do not have a separate label.
Manual segmentation and normalization to MNI152 space
We used Rview v9 (http://rview.colin-studholme.net/) to segment the images in their native space. Morphological characteristics of the insula were assessed on three orthogonal views of the MR image and simultaneously on its surface rendering. Segmentations were performed in the sagittal plane and confirmed in other planes as well as on the surface rendering of the insula. The prior segmentations , Gousias et al., 2008 were visible during this new segmentation. The rater carrying out the delineations was blinded to subject information such as gender and age.
The anatomical segmentation of the insulae yielded 30 separate atlases in native space, where each subregion was identified by a unique voxel value.
The T1-weighted MR volume of each subject was spatially normalized to a widely used T1-weighted MR image template in stereotaxic space, the Montreal Neurological Institute/International Consortium for Brain Mapping (MNI/ICBM) as contained in the Statistical Parametric Mapping (SPM8) package (Wellcome Department of Imaging Neuroscience, available at http://www.fil.ion.ucl.ac.uk/spm). We used the iterative "unified segmentation" procedure implemented in SPM8 (Ashburner and Friston, 2005 ) that yielded probabilistic maps of grey and white matter and other tissues as well as the transformation from native to MNI152 space. The warping parameters thus determined from the MR images were then applied to the complete atlases that were in the same space as the native MR volume. We used nearest-neighbour interpolation to preserve allocation of a given voxel to a unique region. The grey matter (GM) image was thresholded to generate a mask of voxels having at least 50% probability of being gray matter. This GM mask was also normalized with the same parameters. The spatially normalized images were resampled with isotropic voxel sizes of 1.5 × 1.5 × 1.5 mm 3 in a matrix of x/y/z dimensions of 121/ 145/121 voxels. The normalized MR images were averaged across subjects to yield an image representing the group for illustration purposes.
Multi-atlas label propagation
To estimate the accuracy with which the subregion labels can be transferred from the atlas database to newly acquired images, we carried out multi-atlas label propagation segmentations in a standard leave-one-out cross-comparison using MAPER software (Heckemann et al., 2010) . Each of the atlas MR images was treated as the segmentation target in turn, using the remaining 29 atlases as label sources. The automatically generated insular subregion labels were assessed by comparison with the target subject's manual labels, using the Jaccard index (intersection divided by union) to quantify label overlap (Jaccard, 1901) and the volume error to quantify volumetric aberration.
Data collection and statistics
Morphological information was collected for each insula. Presence or absence was noted of each sulcus and gyrus and the opercular regions (as defined in Hammers et al., 2003 and Gousias et al., 2008) which are in contact with each insular gyrus.
Using FSL (FMRIB Software Library, Jenkinson et al., 2012) , native and normalized atlases were masked with their corresponding thresholded GM image. For each subregion, a probabilistic map was created by adding the normalized GM-masked atlases across subjects. Each increment in voxel intensity corresponds to an increase of the probability of encountering the given subregion at this location of 1/30 ≈ 3.3%. The maximum probability map was created by combining all region definitions using vote-rule fusion. Each voxel is labelled according to the anatomical structure to which it most likely belongs.
The volumes of each insular region as well as the total insula volume were sampled from the GM-masked atlases in native and normalized space. As volumes are influenced by the overall brain size (Bauernfeind et al., 2013) , insula volumes were also expressed as a percentage of ipsilateral GM volume, and sub-insular regions were expressed as a percentage of ipsilateral insular volume. For comparability with previous studies, the volume of each insula was also expressed as a percentage of the intracranial volume (ICV), which was calculated as described in Lemieux et al. (2003) .
To estimate the variability of each subregion, we calculated the percentage of voxels assigned to the same region in all subjects (thus having a probability of 100%).
The influence of gender, side and age on insula volumes in native space was assessed using ANOVA with volume as dependent variable; gender and laterality as fixed factors and age as covariable. The comparisons were done for absolute volumes, volumes relative to ipsilateral GM volume and volume relative to ICV.
Results

Protocols for subdivisions
The delineation of each insula proceeded in two steps. First, borders were traced in order to assign a region for all the GM voxels (Fig. 2) . This was done on sagittal slices in antero-posterior order, as listed below. White matter inside these edges was included in the region. Second, remaining unassigned insular white matter was assigned to each subdivision. Figure 2) , then defining the inferior boundary is underpinned by these general principles: 1) the posterior orbital gyrus often bends into the insula and the point of the steepest curve is often in front of the TS; 2) the TS is often between the middle and the inferior third of the anterior insular border on sagittal slices; 3) the AIC is often close to the posterior orbital gyrus; 4) the TG is a horizontal gyrus whereas AG and ASG are generally vertical gyri. NB: If the preCS also traverses the insula up to the inferior PIS (e.g. Fig. 3 A29L, Supplementary Figure 5) , then instead of the deepest point of the preCS, the intersection point between the preCS and the inferior border of MSG is used. Other borders: external border of insula NB: Since Naidich et al. (2004) observed that the ALG could be bifid and that the PLG is never split in two, when two sulci were present in the posterior lobule we considered ALG bifid (e.g. Fig. 3 A3L) .
3.1.6. Posterior long gyrus (PLG): labels 20 (left) and 21 (right)
All remaining insular grey matter postero-inferiorly to the ALG.
White matter assignment
Remaining unassigned insular white matter was assigned to each subdivision: on coronal slices, a horizontal line was traced from the subdivision boundary until a more medial structure was reached.
Probabilistic maps
Probabilistic maps of each subregion are displayed on sagittal sections across the left and right insulae (Fig. 4) , where white voxels denote a probability of 100% of the subregion being present in that voxel in MNI152 space, and black ones a probability of 6.7% (two subjects). Fig. 5 represents these maps thresholded at 50%; see also the supplementary Fig. 9-11 for a representation in the three orthogonal planes.
Another means of representing variability across subjects is to sum the borders of each ROI after MNI normalization (see Fig. 12 in the Supplementary Material).
The location of the PLG is the most consistent, with 14% (262 mm 3 )
of the mean volume with a probability of 100% (Table 2 ). The MSG is the least consistent with only 0.7% of the mean volume (7 mm 3 )
common to all 30 subjects. The spatially normalized delineations were integrated into the Hammers_mith n30r83 maximum probability atlas which, together with the newly added angular and supramarginal gyri (Wild et al., submitted), yields the Hammers_mith n30r95 maximum probability atlas. 
Morphology
The examples cited below refer to Fig. 3 , which shows samples of subdivided insulae of six subjects. The CS was always present and crossed the insula obliquely to reach the falciform fold. It was discontinuous only once among the 30 right and 30 left insulae (A8R). The PreCS crossed the insula up to the inferior PIS in 48% (e.g. A4R, A29L). The PostCS was long and defined a well-formed PLG in 55% (e.g. A8R). The TS was well seen in 57% (e.g. A1R, A3R, A4R). Table 3 indicates the structures found in the 30 right and 30 left insulae, including those not individualized by the final protocol. ASG, PSG, AIC, ALG and PLG were always present. The AG was present in 
Table 2
Volume of the common portion in all subjects for each subregion (white voxels of the probability maps). mm 3 : mean volume of the 100% probability shell. %: percentage of the common volume vs mean MNI volume of that subregion. 50% of the insulae (18% were prominent, e.g. A5L). The TG is often difficult to distinguish from the pole itself. It was clearly distinct from the pole in 57% of cases (e.g. A8L). The MSG was absent in 5% (e.g. A1L) and the MSG label was then applied as described in the protocol. A posterior pole was easy to distinguish in only 40% of insulae (e.g. A4L, A5L). Of the few small differences between hemispheres and men and women in terms of presence of structures, only the presence of a TG was borderline significantly more common in males (chi-square test, p < 0.04, uncorrected for multiple comparisons). Table 4 indicates, for each insular subregion, the adjacent opercular cortex. The ASG was covered by the inferior frontal gyrus alone in all cases. The MSG was covered in 90% of cases by IFG. The PSG was covered by the PreCG in 93% of all insulae. The AIC was always covered by the anterior superior temporal gyrus (anterior to the amygdalar coronal planes). The superior part of ALG was hidden by PostCG in 98% of cases and its inferior part was always covered by the superior temporal gyrus (posterior part). The whole PLG was covered by the posterior STG in all cases.
Volumes
Native and normalized volumes of the whole insula and of each subregion are shown in Table 5 . ANOVA showed that there was an effect of gender (but no effect of age or side) on absolute and on relative insular GM volumes (p = 0.010 and 0.015 respectively). While the absolute insular volume is larger in men than in women, the insular volume represents a larger fraction of the GM volume in women (2.74 ± 0.23%) than in men (2.60 ± 0.19%). ANOVA with volumes relative to the ICV showed the same results: the insular grey matter had a volume representing 0.62 ± 0.06% of ICV in men, whereas it occupied 0.66 ± 0.06% in women. This was also true after normalization to MNI space (Table 5 Column 3), which represents another normalization for global volume .
Multi-atlas propagation of insular subregion labels
There was strong agreement between subregion labels generated with MAPER and those that had been delineated manually (Table 6 ). The overlap results (mean Jaccard index 0.65, corresponding to a Dice index of 0.79) are in line with those we previously found for regions of comparable size and shape (Heckemann et al. 2010) . The average mean volume error was 2.6%.
Discussion
We present the first statistical multi-subject atlas database of the macroscopical anatomy of the human insula. This work provides normative macroanatomical reference data for localizing functional activation and for assessing structural change in the wake of pathological processes. In addition, the ensemble of atlases and their associated MR images can be used for accurate multi-atlas automatic segmentation of individual target images (e.g. MAPER; Heckemann et al., 2010) . 
Subdivisions
We defined protocols for dividing the insula into six subregions and applied them to 30 right and 30 left hemispheres. Our work also enabled us to create the first probabilistic maps of insular subdivisions according to macroanatomical landmarks. Important strengths of these maps are that they pertain to MNI152 space and are thus usable through standard software packages, and that they account for interindividual variability by virtue of being built from multiple atlases. This will help anatomical localization especially. Even without knowledge of underlying cytoarchitectonical subdivisions, it can be observed that insular gyri differ in their electrophysiological responses (e.g. Frot et al., 2014) , as well as in their BOLD activations (e.g. Mazzola et al., 2012; Pomares et al., 2013) to the same stimulus. In addition, multiple structural and functional MR contrasts have allowed deterministic division of the whole insula by semi-automatic in vivo methods using surface-based analysis (Glasser et al., 2016) . The overall shape of the insular subdivisions thus derived closely matches macroanatomy (compare Fig. 14 in Supplementary Material 3 from Glasser et al. (2016) with our Fig. 3 and graphical abstract). Our maps are complementary in that they have been volumetrically derived and thus can be used for localization during standard volumetric brain-mapping studies, and also in that they incorporate probabilistic localisation information.
Our maps are complementary to the cytoarchitectonically defined probabilistic maps made by Kurth et al. (2010) on 10 brains reported in MNI152 space. However, their maps cover only a part of the posterior insula. The architectonic and macroanatomical organization of the insula differ: for example, cytoarchitectonic gradients may run nearly orthogonal to the orientation of the sulci, an observation also made in non-human primates (Evrard et al., 2014; Morel et al., 2013; Nieuwenhuys, 2012) . While the macroanatomical boundary of the insula is the peri-insular sulcus, this is not true for the cytoarchitectonical boundaries. For example, the superior part of the ALG as defined in our work is classified as SII opercular cortex (OP3 or OP2) according to cytoarchitectonic maps (Eickhoff et al., 2006) . In the same vein, the dorsal posterior insular region defined by Craig (2002) according to functional results, is actually not completely included in the insula. Instead, it is located in the PIS, which is classified as operculum in most atlases and spreads partly into the superior part of ALG, like the region OP2 defined by Eickhoff et al. (2006) does. Joint cytoarchitectonic / macroanatomical maps could be important tools to enable accurate anatomical localization and to prevent confusion.
Cortical function has long been known to be associated with sulcal patterns (Welker and Johnson, 1965) . On several occasions, only advanced knowledge of sulcal patterns has allowed linking a specific function to a specific sulcal configuration. Prominent examples are 1) the human area V5 (Watson et al., 1993) , 2) posterior frontolateral activations observed in task-switching (consistently and reliably located at the junction of the inferior frontal sulcus and the inferior precentral sulcus (Derrfuss et al., 2009) ) and 3) the hand area always being linked to the cingulate sulcus, even when a paracingulate gyrus is present (Amiez and Petrides, 2014) . While prima facie no such correlations exist in the insula, a thorough definition of insular anatomy including its statistical variation is a prerequisite to detecting any such relationships, should they exist.
The insula is increasingly recognized as a seat of epileptogenic foci (Isnard et al., 2004 (Isnard et al., , 2000 Picard and Kurth, 2014; Ryvlin et al., 2006) . Better means of accurately describing the localization of e.g. PET or ictal SPECT/SISCOM abnormalities are needed. In these situations, cytoarchitectonic maps are dispensable, but macroanatomical landmarks bridge imaging, neurosurgical navigation software, and direct visualization during neurosurgery. They are also useful for placement of depth electrodes for stereo-EEG, as the insular gyri differ in electrophysiological characteristics (Frot et al., 2014) .
Morphology
Our findings of global insula morphology are in accordance with previous descriptions (Afif et al., 2013; Naidich et al., 2004; Nieuwenhuys, 2012; Rosen et al., 2015; Türe et al., 1999) . The CS is a highly consistent feature across subjects. Of the five main gyri, the MSG is the smallest and shows high variability in terms of size and location. The only discordant point between our study and some of the previous literature is the prevalence of the accessory and transverse gyri. Presence of an AG has previously been described in more than 82% of insulae, and a TG in more than 86% on the anterior face of the insula (Afif et al., 2013; Naidich et al., 2004; Nieuwenhuys, 2012; Türe et al., 1999) . In our data, we noticed their presence in only 57% for TG and 50% for AG, similar to Rosen et al. (2015) , where AG was absent in 37% of cases. This difference probably arises from the way these gyri are identified. We defined AG as a separate gyrus from ASG only when there was a sulcus (e.g. Fig. 3 : A5LR & A8R & A29R). Also, TG was separated from the pole when a sulcus was identified between these structures. However, inspecting the anterior face of the insula on 3D projections, there was often a boundary between the inferior and superior part: a sulcus (TS) in 57% of insulae, or at least a curvature where the orbital cortex bends into the insula. This can be seen as two oblique gyri extending to the lateral surface, as a junction between the frontoorbital region and the lateral insula. Fig. 6 shows an insula where we did not distinguish the ASG from AG, but one can easily imagine two oblique gyri when looking at the anterior surface (see right panel of Fig. 6C ). Türe et al. (1999) included both gyri in the pole but, as there was often no boundary between ASG and AG (e.g. A03L Figs. 3 and 6) , we preferred to include the AG in the ASG region. Rosen et al. (2015) did not define TG in their insular topology rendering and did not provide a clear description of AG. The structure labelled AG in their figure might be TG, or alternatively an additional anterior gyrus. Moreover, they noticed that the dorsal border of their AG did not extend as far as the adjacent ASG, which could correspond to our TG description. Finally, the anterior face of the insula shows variability with occurrence of "bumps" that can be seen as additional gyri (AG, TG) or as a bifid ASG or extension of the pole. The PLG, as defined by our protocol, is very stable in its volume and its localization in MNI152 space because its inferior limit is the PIS, which is a stable and preeminent sulcus. However, the gyrus itself is often flat and its superior border is artificial (between the ends of the PostCS and the CS). This is why the strategy of Rosen et al. (2015) has difficulty to dissociate this gyrus. Afif et al. (2013) also noted that the PLG is the most constant gyrus of the insula. This could be explained by the early fetal development of the posterior part of the Sylvian fissure (Afif et al., 2009) .
The relation between the insular gyri and the opercula is congruent with the observations of Türe et al. (1999) , except for the PLG. In our study, in more than 90% of cases, ASG and MSG were covered by the IFG; PSG was covered by the PreCG; and ALG was covered by the PostCG. We never found the PLG to be in contact with the parietal operculum. Instead, it was always under the temporal operculum. Roughly speaking, we found that the anterior insula is covered by frontal cortex and the posterior insula is covered by parietal cortex, as also stated by Naidich et al. (2004) .
Volumes
The mean volume of the insular GM in individual space was 7.7 ± 0.9 cm 3 , corroborating the results previously obtained using automated segmentation: 7.6 ± 0.9 cm 3 for healthy males (Koenders et al., 2015) and 6.6 ± 0.5 cm 3 (Durazzo et al., 2011) ; or after manual segmentation: 8.7 ± 0.9 cm 3 (Semendeferi and Damasio, 2000) ; or estimated after histological processing: 6.3 ± 1.4 cm 3 (Bauernfeind et al., 2013) ; but contrasting with the 4.6 ± 0.8 cm 3 found by Afif et al. (2013) . Afif et al. (2013) noted that the absolute insula volumes were smaller in women than in men, as replicated in our data. However, we showed that when insular volumes are expressed relative to the volume of the ipsilateral GM or of the whole brain (ICV), the insula in women represented a slightly larger portion of the brain than in men, an observation that has not been described before.
We did not find any side or age effect. The lack of an age effect is not surprising, considering that it was also found by Hammers et al. (2003) on 20 of the same images, albeit with volumes that included white matter. In any case, age effects would be difficult to detect on this homogeneous sample (healthy controls aged 20-54). Good et al. (2001) found little positional asymmetry of the insula in a voxel-based morphometry study (not measuring absolute volumes) and found no influence of handedness anywhere in the brain when comparing 67 left-handers with 398 right-handers. As hemispheric language dominance was not assessed in our sample, we could not replicate a finding of a positive correlation between the extent of hemispheric language dominance and insula volume asymmetry (Keller et al. 2010 ).
Future uses
In previous work, we have shown that high-quality individual atlases can be used in a multi-atlas propagation and label fusion framework to provide automatic segmentations that are comparable in accuracy to manual delineations (Hammers et al., 2007a; Heckemann et al., 2006) . Such strategies have been extended to enable automatic segmentation of the brains of children as young as two years (Gousias et al., 2008) , one year (Gousias et al., 2012) , and neonates (Gousias et al., 2013) , as well as older subjects (e.g. > 80 years of age) and patients with neurodegenerative disease (Heckemann et al., 2011 (Heckemann et al., , 2010 . Our leave-one-out MAPER experiment verifies that the new insula subregions can be reproduced with the expected high level of accuracy. Describing any possible structure-function relationships Fig. 6 . Example of an image where there could be a discordant identification of anterior gyri. Sagittal (A) and coronal (B) slices of the left insula of subject 3 (every 3 mm). C. 3D-rendering of this insula viewing the lateral surface (viewing angles from 90°to 10°, i.e. from a strictly lateral view to a nearly completely anterior view). There is no accessory gyrus (AG) based on our definition, since there is only one gyrus visible on the sagittal slices (A). However, as the anterior short gyrus (ASG purple) and the anterior inferior cortex (AIC yellow) extend medially, the anterior surface shows two gyri (arrows at 10°), named AG and transverse gyrus (TG) by Türe et al. (1999) and Naidich et al. (2004). naturally requires structure to be suitably defined; our atlas material in conjunction with multi-atlas label propagation will enable exactly this. In the past, this approach has yielded results that are the basis for our optimism (see e.g. Sapey-Triomphe et al., 2015) .
Such strategies should facilitate and extend functional or connectivity studies, which in the past have relied on fixed-sized ROIs to sample parts of insular gyri (Cauda et al., 2011) , or have used voxelbased measures within a whole insula ROI defined individually (Cerliani et al., 2012) , or defined once for all participants on an average MRI (Deen et al., 2011) . Conceivably, taking into account the high interindividual consistency of cytoarchitectonic areas at least in the posterior insula (Kurth et al., 2010a) , as well as areas detected through multimodal in vivo segmentation (Glasser et al., 2016) , any existing function-sulcus relationships might become detectable through the use of subject-specific segmentations. The cytoarchitectonic study of brains with ex vivo MRI could equally help to study any such relationship, as could the study of insular hodology and the comparison with non-human primates. Notwithstanding these perspectives, as they stand, our maps provide only complementary information to parcellations based on cytoarchitecture, function, or hodology; they do not show direct associations or relationships.
It is interesting that when Brodmann described the antero-posterior organization in a clearly different posterior granular and an anterior agranular cortex, he also stated that the boundary was along the central sulcus of the insula, albeit not exactly ("nicht genau", Brodmann, 1909, p. 146 and Fig. 89 p. 144) . This antero-posterior organization remains consistent with more recent studies (e.g. Kurth et al., 2010a , Glasser et al. 2016 . The insula seems to be an exception to the idea that major sulci are good average indicators of cytoarchitecture and, by inference, functional regions (cf. Hammers et al., 2007a) . However, an anatomical atlas can help to accurately localize cytoarchitectonic areas since their macro-anatomical locations are quite stable across subjects when considering a Cartesian coordinate system of a 3D brain volume (Kurth et al. 2010a ). If there is correspondence between functional and cytoarchitectonic areas, as findings of very localized activations e.g. to thermosensory stimuli (Craig et al. 2000) suggest, then these should correspond to localized average across-subject correspondences of cytoarchitectonics in stereotaxic space (cf. Kurth et al. 2010a) . Our results will aid in ascribing such group findings to gyral locations.
The thoroughly tested protocols created as part of this work have proved to be applicable to a large number of hemispheres (n=60) and will facilitate manual delineations by other scientists as well.
Conclusion
The creation of dependable protocols and manual delineation of sixty human insulae enabled the construction of probabilistic and stereotactic maps of six subdivisions according to macroanatomical landmarks: four anterior regions (three short gyri and the anterior inferior cortex) and two posterior long gyri. After spatial normalization, probabilistic atlases have been created and new individual atlases and a new maximum probability map (Hammers_mith n30r95) integrating the newly added angular and supramarginal gyri (Wild et al., submitted) , are freely downloadable for academic use from http://www. brain-development.org (for referees: available at http://soundray.org/ hammers-n30r95). The equally available individual atlases will enable individual MRIs to be segmented into insular subregions via multiatlas techniques like MAPER, with good accuracy as quantified in this paper.
